The t(12;21)(p13;q22) fusion gene is the most frequent genetic lesion described in precursor B cell acute lymphoblastic leukemia (ALL) of childhood occurring in a quarter of cases. This gene rearrangement is associated with a good outcome presenting a high response rate to chemotherapy. In spite of its potential clinical relevance, the t(12;21) translocation usually goes undetected with conventional cytogenetic procedures. In the present study we utilized an objective flow cytometric approach (multiparametric quantitative analysis) for the phenotypic characterization of this type of ALL. We studied a total of 74 precursor B-ALL children, including 21 t(12;21) 
Introduction
The t(12;21)(p13;q22) fusion gene is the most frequent genetic lesion described in leukemic B cells from children with acute lymphoblastic leukemia (ALL) occurring in around a quarter of cases. [1] [2] [3] [4] The molecular consequence of the t(12;21)(p13;q22) translocation is the fusion of two known genes named ETV6, mapped to 12p13, and AML1, located at 21q22. This translocation results in the transcription of a chimeric protein which consists of the helix-loop-helix domain of ETV6 and the entire AML1 gene, including both its DNA binding and transactivation domains. 5, 6 The ETV6/AML1 fusion transcript is likely to be important for leukemogenesis. 7 Recent reports 1, 3, 4, 8 have shown that this gene rearrangement is associated with a clinically defined subgroup of precursor-B-ALL affecting children with ages from 1 to 12 years who show non-hyperdiploid leukemic lymphoblasts and do not display hyperleukocytosis. Moreover, the presence of the ETV6/AML1 transcript has been found to be associated with a good prognosis since patients with t(12;21) translocation, as compared with other patients, display a higher response rate to chemotherapy. 4 In spite of its potential clinical relevance, the t(12;21) trans- location involving the ETV6/AML1 genes usually goes undetected with conventional cytogenetic procedures. Thus, either fluorescence in situ hybridization or more frequently molecular biology techniques based on the polymerase chain reaction (PCR) 9 have to be applied for its unequivocal detection, with the handicap that from each four childhood B-ALL cases analyzed, three would be negative. Accordingly, any technique that could be routinely used to screen childhood precursor B-ALL for the t(12;21) translocation would be welcome.
In past years immunophenotyping has proven to be useful for the diagnosis and subclassification of precursor-B acute lymphoblastic leukemia (B-ALL). [10] [11] [12] [13] [14] [15] Accordingly, assessment of the B cell origin of leukemic blasts and their assignment to a particular phenotypic subtype have been based on the immunologic similarities of leukemic cells and normal bone marrow B cell precursors. [16] [17] [18] However, in recent years several reports have shown that in most precursor B-ALL cases neoplastic cells display aberrant phenotypes. [19] [20] [21] [22] [23] Some of these leukemia-associated phenotypes have been associated with specific genetic abnormalities. [24] [25] [26] [27] [28] [29] In this regard, large multicentric studies have been conducted in order to explore the potential existence of an association between specific cytogenetic abnormalities such as the t(1;19)(q23;p13) [30] [31] [32] and t(4;11)(q21;p23) 33, 34 translocations and peculiar phenotypes of leukemic B cells.
In spite of its relative frequency the ETV6/AML1-positive leukemias have not yet undergone an extensive immunophenotypic characterization. In fact, previously reported series comprise flow cytometric studies in which only a restricted number of surface antigens was analyzed for its presence or absence on the leukemic cells. These reports have found that ETV6/AML1-positive cases are CD10 positive and frequently myeloid antigen positive, 8, 35 none of these characteristics being specific for this group of B-ALL cases. The exception to this is a recent study published by Borowitz et al 36 in which a CD9
+ pattern was shown to be more frequent in t (12;21) + cases although presenting a relatively low sensitivity to be routinely applied for the screening of t (12;21) + precursor B-ALL cases. In the present study we have utilized an objective flow cytometric approach for the phenotypic characterization of B-ALL cases, which consists of a multiparametric quantitative analysis of antigen expression on leukemic B cells specifically identified on the basis of a large panel of predefined triple-staining combinations of monoclonal antibodies. This approach has been demonstrated to be useful for screening among precursor B-ALL patients of those cases with t(12;21) translocation, since it displays both a high sensitivity (86%) and specificity (100%).
Leukemia

Materials and methods
Samples
A total of 74 childhood precursor-B acute lymphoblastic leukemias diagnosed according to previously established criteria 37 included in AIEOP ALL 91 protocols were collected for the study. The only selection criteria were the availability of frozen cells at diagnosis and that all cases were studied for the t(12;21) translocation. Among the patients analyzed 38 were males and 36 females with a median age of 5.3 years (range 0-15 years).
Immunophenotypic studies
All studies were performed using a direct immunofluorescence technique on frozen mononuclear cells obtained at diagnosis from the bone marrow samples separated by FicollHypaque technique. A number of 0.5 × 10 6 cells in a final volume of 100 l was used per test. Monoclonal antibodies (MoAbs) directly conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE) and the phycoerythrin-cyanine 5 (PE-Cy5) fluorochrome tandem conjugate were combined in each tube. The fluorochrome and source of each MoAb used in the present study were as follows: CD20-PE, CD15-FITC, CD34-PE, CD38-PE and HLADR-PE were purchased from Becton Dickinson (San José, CA, USA); CD33-PE, CD13-PE, CD10-FITC, CD19-FITC and CD2-FITC were from Coulter (Miami, FL, USA), CD19-PE-Cy5, CD45-PE-CY5 and CD65-FITC were obtained from Caltag Laboratories (San Francisco, CA, USA); CD135-PE was from Immunotech (Marseille, France), CD24-FITC from Ortho Diagnostic Systems (Raritan, NJ, USA) and CD14-PE from DAKO (Glostrup, Denmark). The three color combinations used are illustrated in Table 1 .
One triple combination with isotype controls and the unstained cells were used as negative controls. After adding the MoAbs, cells were vortexed and incubated for 15 min at room temperature in the dark and thereafter they were washed twice in phosphate-buffered saline (PBS). Then they were resuspended in 1 ml of PBS and analyzed in an Epics XL (Coulter) flow cytometer. The instrument was calibrated before data acquisition using a CD4FITC/CD8PE/CD3PE-Cy5 positive control. A minimum of 10 000 events was collected for each combination of MoAbs.
For the analysis process an immunological gate including all blast cells was established in all tube combinations based on the expression of the CD19 B cell-associated marker. For that purpose a display of SS-LOG (side scatter with logarithmic Table 1 Triple-staining combinations of monoclonal antibodies used in the present study. The first is used for blast identification, the others for blast characterization FITC PE PE- Cy5   CD19  CD34  CD45  CD10  CD20  CD19  CD34  CD38  CD19  CD24  CD33  CD19  CD15  CD14  CD19  CD2  HLADR  CD19  CD65  CD13  CD19  CD34 CD135 CD19 amplification) vs CD19 was used to construct the so-called immunological gate; additionally, a combination of the light scatter parameters (forward Scatter-FS vs SS-LOG) was used in order to eliminate dead cells and debris. By using this gating strategy more than 95% of the cells included were blasts. The ability of the SS-LOG/CD19 gate in detecting more than 95% of blast cells was seen by results from CD19-CD34-CD45 combination; in fact never in the examined samples did more than 3% of CD19-positive cells show a high expression of CD45 in the absence of CD34. All the other markers were analyzed in biparametric histograms gated on CD19 + blast cells. For that purpose data were stored in list mode files using the System II software program (Coulter). For each MoAb explored in this study the mean fluorescence intensity (MFI) expressed as mean fluorescence channel (arbitrary units scaled from 0 to 1024), the standard deviation (s.d.), the coefficient of variation (CV) and the number of different subpopulations found on the basis of multimodal distribution, was reported. As to obtaining an absolute value with intra-inter laboratory reproducibility issues, the MFI values were converted into molecules equivalent to soluble fluorochrome (MESF) by using a DAKO bead set. Briefly, this kit contains a set of calibrated standards, with five populations of microbeads displaying increasing and predetermined amounts of fluorescence (expressed in terms of number of MESF) and one reference blank population. After analyzing the fluorescence beads with the same instrument setting as those used for the analysis of the patient samples, we built up a calibration plot to convert MFI into MESF values. The linear regression equation, correlating the channel number with the specific MESF value, was calculated using the TallyCall software (DAKO). Instrument calibration for the measurement of fluorescence intensity in MESF units was performed on a daily basis.
The median of MESF values obtained from isotype controls and unstained cells was calculated. An antigen was considered positive when its MESF value resulted higher than the median +2 s.d.
RT-PCR assay
All samples were analyzed for the presence of TEL/AML1 fusion gene products. The sequence of amplification primers was made by the set B12-(5Ј-CGTGGATTTTTCAATA-CATGTCTCA-3Ј) of TEL and AM3 (5Ј-AACTGCCTTCGT CTCTATCTTTGTCCTTGG-3Ј) for AML1, with minor modifications according to the published TEL sequence. 38 After amplification, 10 l of PCR products were run on a 2.5% agarose gel stained with ethidium bromide and visualized under an ultraviolet (UV) lamp. Representative PCR products were cloned into the plasmid vector pMOS (Amersham, Buckinghamshire, UK) and sequenced by the dideoxynucleotide chain termination method modified for use with double-stranded DNA templates. 8 
Statistical methods
For each MESF and CV value the mean, median and standard deviation (s.d.) were calculated. Univariate analysis was performed using the Student's t-test and Kolmogorov-Smirnov tests to analyze the different distribution of quantitative variables between t(12;21)-positive and -negative cases. An expert system was undertaken in two ways: one choosing the best cut-off values according to the sensitivity and specificity tests (test of Yonden) and the other with reference to the quartile of the whole population.
Results
From the 74 precursor-B ALL cases analyzed in the present study, 21 (28%) were positive for the ETV6/AML1 fusion gene product detected by RT-PCR whereas the remaining 53 patients were negative. In this group 16/53 (30%) resulted as hyperdiploid, whereas 37/53 (70%) were diploid.
Background fluorescence levels were calculated for each group of fluorochrome conjugates. Based on these findings, a case was considered positive for a FITC, PE and PE-Cy5 conjugated MoAb when the MESF value resulted higher than 900, 400 and 400, respectively (median +2 s.d. of the controls).
Based on these criteria, the resulting distribution of antigen expression in t(12;21)-positive and -negative cases was as described in Table 2 . The presence of reactivity for CD34, CD20, CD13, CD15 and CD135 was significantly different in the two groups of precursor B-ALL patients. In fact, a significantly higher proportion of CD34 + and CD13 + cases was found in t (12;21) + leukemias while the percentage of CD20 + , CD15
+ and CD135 + patients was lower among these cases. No significant differences were detected as regards the incidence of positive cases for the CD45, CD10 and HLA-DR antigens. Table 3 shows the results obtained with regards to the relative intensity of antigen expression in precursor B-ALL cases according to the presence or absence of t(12;21) translocation. It can be seen that for markers which were positive in both groups of patients, different amounts of antigen were present. Differences could be observed both in intensity and homogeneity/heterogeneity of the antigen expression distribution as assessed by the median MESF and CV values, respectively (Table 4) .
Univariate analysis comparing ETV6/AML1-positive and -negative ALL cases showed that the median fluorescence intensity obtained for CD10, CD135, CD20, CD34, CD45 and HLA-DR antigens was significantly different in both groups of Leukemia patients, thus disclosing a difference for CD10 and CD45 not previously detected with positive and negative criteria. ETV6/AML1-positive cases ( Figure 1 ) were characterized by a high median intensity of expression of CD10 and HLA-DR and low intensity of CD20, CD45, CD135, CD34. Regarding the myeloid antigens, CD15 showed a lower median intensity in ETV6/AML1 + cases while CD13 expression was slightly more intense in these patients although for both antigens differences did not reach high statistical significance (P = 0.07).
No differences were detected in the CD19, CD24, CD33 and CD38 fluorescence intensity between the two groups of patients.
Upon analyzing the distribution pattern of each of the antigens explored as assessed by the mean CV of the fluorescence intensity, we found that ETV6/AML1
+ leukemias were characterized by a higher heterogeneity in the levels of CD34 expression (median CV of 201% vs 88%, P = 0.0001). In fact, 20 out of the 21 ETV6/AML1
+ cases (95%) showed a bimodal distribution for CD34 with two clearly distinct subpopulations of leukemic cells displaying different levels of this marker on their surface (Figure 1a) . Also CD13 and CD33 showed a higher heterogeneity of expression among the ETV6/AML1 + cases but the differences with ETV6/AML1
− patients did not reach high statistical significance.
In order to analyze the combination of the phenotypic variables displaying the highest sensitivity and specificity for the identification of those B-ALL cases displaying the t(12;21) translocation, we performed a multivariate analysis. All individual phenotypic characteristics which showed a significantly different distribution on t(12;21)
+ cases, as compared to t(12;21) − leukemias, were included. For each of these markers the best individual sensitivity and specificity cut-off value was calculated (Table 5) .
As shown in Table 6 , in 18 out of the 21 (86%) t(12;21) + B-ALLs leukemic cells displayed all the chosen criteria for t(12;21), while none of the t(12;21) − cases simultaneously showed these six phenotypic features. Therefore, the sensitivity of these parameters to predict for the existence of t(12;21) translocation in childhood precursor B-ALL cases, was 86% with a specificity of 100% (Yune test 0.857). Two (9.5%) t(12;21)-positive cases responded to five criteria while only one (5%) responded to four conditions: one case showed a lower HLA-DR (64 000 MESF) expression, another was characterized by a relatively higher reactivity for CD20 (800 MESF) and the remaining one showed a unimodal CD34 distribution (CV of 60%) with a low HLADR expression (33 000 MESF).
The analysis performed considering only positivity against negativity for the CD34, CD20, CD15, CD13 and CD135 antigens, demonstrated only 70% sensitivity and 90% specificity.
Discussion
For a long time neoplastic cells from acute leukemias were believed to reflect the phenotypes of the earlier stages of normal hemopoietic cells blocked in their differentiation. 39 Thus in the past two decades immunophenotypic studies have been used for the subclassification of precursor B-ALL according to the expression of B cell maturation antigens. [10] [11] [12] [13] [14] [15] However, more recent studies have shown that by far the majority, if not all, precursor B-ALL cells display immunophenotypic features which are usually not detected in the normal bone marrow B cell precursors -the so-called phenotypic aberrations. Accordingly, cross-lineage antigen expression and aberrant patterns of B cell maturation are usually detected in these patients. Based on these findings, it has been suggested that these leukemia-associated phenotypes could reflect, at least to a certain extent, the genetic aberrations present in the leukemic cells; accordingly for those patients displaying an identical genetic lesion, a similar phenotypic behavior could be expected. Indeed, the association between specific phenotypic subgroups and specific chromosomal abnormalities has been reported in the past. [24] [25] [26] [27] [28] In spite of this, few studies have been aimed at analyzing the utility of the immunophenotypic study for the screening of specific genetic aberrations, [30] [31] [32] [33] [34] even if it is routinely performed in diagnosis of acute leukemias so resulting in a very good screening tool. 40 In contrast to other chromosome translocations such as the t(15;17) aberration identified in AML patients, 41 no clear cor- relation that could be used as a highly sensitive and specific parameter for the screening of t(12;21) + cases, has been found between the t(12;21) translocation, present in precursor B-ALL patients, and other disease characteristics. Furthermore, this chromosome aberration is usually not detected with conventional cytogenetics and either FISH or PCR techniques have to be used to identify t(12;21) + cases. 8, 36 Nevertheless, these techniques are either not available or not routinely performed in the majority of centers. These findings together with the reported association between t(12;21) and a better prognosis in children with precursor B-ALL, 1, 3, 4, 8 point to the need for a rapid and simple technique that could be used in the screening of precursor B-ALL patients carrying the t(12;21) translocation, in which appropriate molecular studies should be undertaken.
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In the present study we have analyzed the immunophenotype of the leukemic cells from a group of 74 children with precursor B-ALL selected only for PCR ETV6/AML1 translocation. Twenty-one (28%) were shown to carry the t(12;21) translocation. This percentage corresponds to the normal B-ALL distribution. [1] [2] [3] [4] In t(12;21)-negative leukemias an excess of CD10-negative cases resulted as reported in Table 2 . This observation depends on casual selection of frozen cells in tested patients. In fact the percentage of CD10 − cases is higher than expected in normal childhood B-ALL distribution (10% vs 4%). 37 For this reason we also performed statistical analysis on each subgroup, so obtaining the same values of sensitivity and specificity (data not shown).
Our aim was to investigate whether the t(12;21) + cases showed a specific immunophenotyping which could be Results expressed as number of cases (percentages in brackets).
Leukemia applied for the screening of this genetic abnormality. For that purpose we decided to use a multiparametric objective approach for the immunophenotypic analysis in which, prior to their phenotypic characterization, B-lineage leukemic cells were specifically identified on the basis of their reactivity for the CD19 B cell-associated antigen. In order to increase the ability to discriminate leukemic from normal B cell precursors and avoid misinterpretation of positive and negative antigens, [42] [43] [44] [45] the immunological characterization of the leukemic cells was performed using objective criteria based on the evaluation not only of the presence/absence of reactivity for a certain antigen, by which low sensitivity and specificity were previously obtained as recently underlined by Hrusak et al, 46 but also on the quantitative levels of antigen expression and its distribution on the whole leukemic cell population.
In order to provide reproducible results at various times in the same laboratory and in different laboratories, the absolute levels of antigen expression were translated from arbitrary units (fluorescence channels) into molecules equivalent to soluble fluorochrome (MESF), specific information being provided on each fluorochrome-conjugated reagent used. The coefficient of variation found for the expression of each antigen was used as a measurement of the degree of variability on the levels of antigen expression in the whole population of leukemic cells from each individual patient. The possible bias connected with frozen cells and peculiar batches of reagents could be excluded; in fact, Ginaldi et al 47 denied differences in antigen intensity between frozen and fresh blast cells; moreover, no significant variability in fluorescence intensity was found in different antibody batches (data not shown).
Our results showed that significant differences exist between the immunophenotypic characteristics of t(12;21) + and t(12;21) − precursor B-ALL patients, the former being associated with higher levels of expression of CD10, HLADR and lower reactivity of CD20, CD135, CD45 as well as a higher heterogeneity of CD34 expression among the leukemic cell population of individual patients. While the positivity of CD13 antigen was statistically relevant in this cohort, in contrast its expression resulted as higher in t(12;21) cases but not statistically significant with TEL/AML1-negative leukemias. This apparent discrepancy might depend either on the different modality of positive evaluation or on the low number of patients tested. These results confirm the lack of prognostic impact of myeloid markers in pediatric ALLs. 48 Moreover, we confirm previous findings from other groups who have found an association between the t(12;21)
+ and common-ALL phenotype 8 as well as a higher expression of CD10 and a lower expression of CD45 and CD20 antigens. 49 On the other hand, CD20-negative, low CD45 and high CD10 expression have been correlated with those precursor B cells ALLs such as present a good outcome. [50] [51] [52] Our results provide evidence for the association of these clinical and immunophenotypic features with the t(12;21) translocation in childhood precursor B-ALL. The individual relevance of CD9 and KOR-SA3544 in identifying the TEL-AML1 translocation 36 has not been evaluated because these two antigens are not included in the antibody combinations routinely utilized in the AIEOP immunophenotyping analysis at diagnosis.
Multivariate analysis was performed in order to explore the value of those immunophenotypic features to distinguish between t(12;21)-positive and both hyperdiploid and diploid precursor B-ALL cases negative for the t(12;21) translocation. Our results show that a level of CD10 and HLADR expression higher than 10 000 and 80 000 MESF, respectively, a CD20, CD45 and CD135 reactivity lower than 500, 400 and 5000 MESF, respectively, and bimodal CD34 was the best combination of parameters to discriminate between both groups of patients. In this sense it should be noted that most (86%) of the precursor B-ALL cases which were t(12;21) + , simultaneously displayed these six phenotypic criteria, while none of the t(12;21)
− cases showed this phenotype. Accordingly, we show that the presence of these six phenotypic characteristics in childhood precursor B-ALL blast cells is specific (100%) for the t(12;21) translocation, although there is a small group of these patients (three, 14%) in which one or two of the six criteria listed above is lacking; in 2/3 of them additional cytogenetic abnormalities were found. This association between t(12;21) and abnormal karyotypes has been recently reported by Raynaud et al. 53 In the present study we conclude that this multiparametric quantitative immunophenotyping approach seems to be able to identify homogeneous groups of ALLs also corresponding to genotypically determined types such as t(12;21) and also t(4;11) and hyperdiploid cases (De Zen manuscript in preparation). Our results enhanced the two properties reported in the Borowitz study: that an accurate phenotypic prediction of cytogenetic and molecular genetic abnormalities could not be obtained by either positive or negative antigen definition; only a more accurate description of the antigen expression pattern was able to demonstrate significant predictability. 36 Finally, we demonstrated that the childhood precursor B-ALL cases carrying the t(12;21) translocation display characteristic phenotypic features easily identifiable by routinely used immunophenotyping with multiparametric quantitative approach. This method provides an inexpensive, rapid, simple, sensitive and specific technique that could be used to screen for those patients in which confirmatory molecular studies have to be performed for the identification of t(12;21) + childhood precursor B-ALL cases.
